Transgenic Nicotiana tabacum plants, produced by Agrobacterium tumefaciens-mediated transformation with a mutant gene (csrI-1) coding for acetohydroxyacid synthase (AHAS) from a chlorsulfuron resistant Arabidopsis thaliana line GH5O (GW Haughn et al. [1988] Mol Gen Genet 211: 266-271; GW Haughn, C Somerville [1986] Mol Gen Genet 204: 430-434), were selected directly on 80 micrograms per liter (225 nanomolar) chlorsulfuron. The expression of csr-1 in two separate transgenic lines CHL-1 and CHL-2 was confirmed by biochemical and genetic analyses. The AHAS activity of GH50 and the equivalent component of AHAS activity in CHL-2 was resistant to three short residual sulfonylurea herbicides, DPX-M6316, DPX-A7881, and DPX-L5300, in addition to chlorsulfuron but not to the sulfonylurea CGA 131'036. Cross-resistance to the imidazolinones AC 263, 499, AC 252, 214, and AC 243,997 was not observed. Parallel observations were made on the inhibition of seedling growth in soil or on culture medium. The relevance of these findings for the application of transgenic plants in agriculture is discussed.
L5300 (Express, DuPont; 7) greatly accelerates the chemical hydrolysis of the bridge, and the phenylsulfonamide and aminotriazine products are both herbicidally inactive (4) . Substitution of the phenyl ring of metsulfuron methyl with a thiophene to generate DPX-M6316 (Harmony, DuPont; 27) greatly enhances metabolic degradation by soil microbes (4) . Furthermore, substitution of the methyl and methoxy groups on the triazine ring of metsulfuron methyl with a methylamine and ethoxy groups to generate DPX-A7881 (DuPont; 12) results in selective metabolic degradation in the broad leaf crop oilseed rape. Metabolism of the sulfonylureas in cereals has been shown previously to be the mechanism responsible for tolerance in these crops (13, 29) . The rotational flexibility and increased selectivities achieved with these new sulfonylureas greatly extends the range of applications. In the development of sulfonylurea-resistant crop varieties by mutagenesis or genetic transformation, resistance to these chemicals must be examined. Given the structural diversity among the chemicals, cross-resistance cannot be assumed.
In plants, chlorsulfuron has been used to select for resistance mutants in Nicotiana tabacum (5, 6) , Arabidopsis thaliana (10) , Glycine max (24) , Brassica napus (28) , Linum usitatissimum (14) , and Datura innoxia (22, 30) . Cross-resistance to other herbicides that inhibit wild-type AHAS has been reported but short-residual sulfonylureas were not included in these studies (5, 6, 10, 22) . Cross-resistance between chlorsulfuron and sulfometuron methyl is common (5, 6, 10, 22) ; however, it is variable between the sulfonylureas and imidazolinones (10, 22) , suggesting that different amino acid residues on AHAS are responsible for interactions with these different herbicide classes. Single amino acid substitutions at highly conserved positions in AHAS have been deduced from the sequence of mutant genes isolated from N. tabacum, A. thaliana, and the yeast Saccharomyces cerevisiae (9, 16, 19, 20, 31) . The direct relationship of these mutations in plant genes with chlorsulfuron resistance has been confirmed in transgenic plants; however, in no case was the cross-resistance to other sulfonylureas or imidazolinones reported (9, 16, 20) . In this study, we extend these discoveries by examining crossresistance to five sulfonylurea and three imidazolinone herbicides in transgenic tobacco plants that express the mutant A. thaliana AHAS gene, csrl-J.
MATERIALS AND METHODS Plant Materials
Nicotiana tabacum L. var Petit Havana SRI (tobacco) shoots (18) received from B. Bowen (Agrigenetics, Madison, WI) were propagated in vitro on MS medium (21) with B5 vitamins (8) (MSB5) supplemented with 1% sucrose and 0.6% agarose (Seakem ME, FMC) in a growth chamber with continuous light (40 ,uE x m-2 x s-') at 240C. Cuttings were also grown in a greenhouse in pots containing a mixture of soil:peat:sand:perlite (1:2: 1: 1) with traces of lime and superphosphate. They were watered twice daily and supplemented weekly with a 20:20:20 (N:P:K) solution. The plants were grown under sunlight during the summer with temperatures ranging from 20 to 35°C. During the fall and winter they were grown under sunlight supplemented with artificial lights (16 h daylight, 60 yE x m-2 x sec'), and temperature was maintained at approximately 22°C. Arabidopsis thaliana (L.) Schurr Columbia type and the mutant GH50 (9, 10) were gifts from C. Somerville (University of Michigan, East Lansing, MI). Calli and cell suspension cultures were established by S. Gleddie (Agriculture Canada, Ottawa, Canada) and transferred weekly using the conditions described for tobacco.
Chemicals
The imidazolinones AC vegetatively propagated in vitro without selection on the same medium lacking hormones, with 1 % sucrose.
AHAS Enzymic Assay
One g of fresh, young, growing tobacco leaves in aluminium foil were frozen in liquid nitrogen and stored at -70°C for up to 10 months. Frozen leaves were ground to a fine powder with a mortar and pestle containing liquid nitrogen. The powder was poured into 3 mL of extraction buffer supplemented with 250 mg polyclar-AT(BDH)/g fr weight as previously described (10) . For A. thaliana line GH50 and Columbia wild type, 150 mg (fresh weight) of cell suspension culture was collected 4 d after subculture and homogenized in a motor-driven glass tissue grinder (Pyrex Brand) on ice for 1 min in 1 mL buffer with 40 mg polyclar-AT. The homogenate was cooled for 1 min, and the procedure was repeated three times. AHAS activity was measured using the method described by Chaleff and Ray (6) 10, 30, 100, and 300,ug/L were used for DPX-M6316, DPX-A7881, and DPX-L5300. For chlorsulfuron and CGA 131'036, the levels used were 3 to 1000 ug/L. All measurements were made in triplicate at each herbicide concentration and expressed as the percent of uninhibited AHAS activity. The I50 was defined as the herbicide concentration needed to inhibit AHAS activity by 50%.
Southern Blots
Plant DNA was isolated from freeze dried young growing leaves as previously described (17) . Southern blot analyses were performed according to Bernatsky and Tanksley (2). (Fig. 1A ). An average of 10 shoots per leaf e observed. This frequency was comparable to that selection for kanamycin resistance; however, sh tiation was delayed by 4 to 6 weeks. The frequent was not assessed; however, control tissues did no conditions used for selection (Fig. IA) . The five I shoots were propagated in vitro and several weri sowing, 10 ndomly and ;ed and plotis defined as wth by 50%. y A. tumefaig the strain the binary !(10) AHAS on chlorsulgave rise to hlorsulfuron :xplant were to the same medium lacking chlorsulfuron but supplemented with 100 ug/mL kanamycin. Each line grew and formed roots on chlorsulfuron or kanamycin at levels that inhibited the growth of the control shoots (Fig. 1B) . Two of these lines, designated CHL-1 and CHL-2, were chosen for further studies and transferred to the greenhouse.
Southern blot analyses of CHL-1 and CHL-2 total DNA is shown in Figure IC . Digestion with Xbal, generated a single 5.8 kbp fragment that hybridized with the radiolabeled 5.8 kb Xbal fragment from pGH 1 which carried the complete csri-I gene including flanking regions of A. thaliana genomic DNA (9). The hybridization was performed under stringent conditions and resident AHAS genes of N. tabacum were not detected in control or transgenic tissues (Fig. IC) (Fig. 2B) . 
Inhibition of AHAS Activity
The inhibition of AHAS activity by the herbicides was examined in extracts from N. tabacum and A. thaliana controls, A. thaliana mutant line GH50, and transgenic N. tabacum line CHL-2. As shown in Table I and Figure 3 , both N.
tabacum and A. thaliana wild-type AHAS activities were strongly inhibited by each of the imidazolinones and sulfonylureas including DPX-L5300 which was inactive in culture media. The AHAS activity from the A. thaliana mutant line GH50 was strongly resistant to chlorsulfuron, DPX-L5300, and DPX-A788 1, moderately resistant to DPX-M6316, and sensitive to the sulfonylurea triasulfuron (Fig. 3B ) and the imidazolinones AC 243,997, AC 263,499, and AC 252,214 (Fig. 3F) . Compared with A. thaliana controls (Fig. 3, A and E), the AHAS activity ofGH50 was less sensitive to inhibition by the imidazolinones, AC 243,997, (Fig. 3F) , and the sulfonylurea, triasulfuron, (Fig. 3B) at lower herbicide levels. The pattern of resistance and sensitivities characteristic of AHAS from the mutant A. thaliana line GH50 was transferred to transgenic N. tabacum line CHL-2 with the mutant AHAS gene csrl-l. At the highest levels of herbicides used, a residual AHAS activity of 20 to 40% of the total was clearly resistant to chlorsulfuron, DPX-L5300, DPX-M6316, and DPX-A7881 (Fig. 3D) (16, 20) and csrl-l (9) has been assessed by others. In none of these reports was cross-resistance to other herbicides that inhibit AHAS evaluated. Based on the analyses of the mutant lines from which the genes were isolated it would be expected that crossresistance to the sulfonylurea, sulfometuron methyl, but not the imidazolinone AC 252,925 would be achieved (5, 6, 10 In transgenic N. tabacum, cross-resistance among the sulfonylureas was highly variable. Analyses of AHAS activity encoded by csrl-I indicated strong resistance to chlorsulfuron, DPX-A788 1, and DPX-L5300, moderate resistance to DPX-M6316, and sensitivity to triasulfuron. Parallel observations were made on the inhibition of seedling growth in soil or on culture medium, except for DPX-L5300, which was inactive in culture medium. Sensitivity to triasulfuron was unexpected since it is similar in structure and herbicidal properties to chlorsulfuron (1) differing only in the presence of a 2,chloroethoxy rather than 2,chloro group on the phenyl ring (Table I) . In other studies, variability in resistance to imidazolinones was reported for mutants of D. innoxia (22) . These data indicate that separate mutations may be found in AHAS genes that confer differences in resistance to members within one class or cross-resistance between classes of herbicides that inhibit AHAS. Therefore, the potential for the genetic manipulation of crops with mutant AHAS genes is great.
The use of older sulfonylureas such as chlorsulfuron, sulfometuron methyl, or triasulfuron is limited by the persistance of residual activity in many soils (4) . Crops rotated on treated fields must be naturally tolerant such as the grasses and cereals (29) or genetically altered for tolerance (14, 20, 24, 28) . In the future, short-residual sulfonylureas, such as those examined in this study will provide greater rotational flexibility and selectivities. The gene csrl-l can be used to achieve resistance to these herbicides in transgenic plants. Presumably other mutations will provide selective resistance to other chemicals that inhibit AHAS. This will greatly extend the alternatives for agricultural practices with transgenic crops.
